Introduction
Pancreatic cancer is currently the fourth most common cause of cancer death, and it is expected to rise to the second most common cause of death by 2030. 1, 2 The overall median survival of pancreatic cancer is ,1 year from diagnosis, highlighting the need for the development of new therapeutic strategies.
Paeoniflorin (PF) is an active component of Paeonia lactiflora Pall (Ranunculaceae family). It has been recently demonstrated that this component has antitumor effects in multiple cancer types, such as glioma, breast, gastric, colorectal, cervical and lung cancers. [3] [4] [5] [6] [7] [8] PF also prevents hypoxia-induced epithelial-mesenchymal transition (EMT) in breast cancer cells and macrophage-mediated lung cancer metastasis. 9, 10 However, whether PF has any effect on pancreatic cancer is largely unknown.
HTRA3 belongs to the highly conserved HtrA family of stress-related serine proteases. It was initially identified as a serine protease in the developing placenta. 11, 12 Dysregulation of HTRA3 has been reported in different types of cancer. [13] [14] [15] [16] [17] Particularly, downregulation of HTRA3 was found to be associated with the progression of endometrial and ovarian cancers. 14, 15 In lung cancer cells, HTRA3 was released from mitochondrial to cytosol upon etoposide or cisplatin treatments, promoting cytotoxicity induced by those agents. 18 Therefore, HTRA3 is proposed as a tumor suppressor and a potential therapeutic target in cancer. 19, 20 In the present study, we showed that PF treatment led to increased cell apoptosis and decreased colony formation in pancreatic cancer cell lines Capan-1 and MIAPaCa-2. We conducted microarray analysis and identified HTRA3 as the most unregulated gene with PF treatment in Capan-1 cells. We further confirmed elevated HTRA3 mRNA and protein expression upon PF treatment. 
Materials and methods cell culture and chemicals
Capan-1 and MIAPaCa-2 cell lines were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). Both cell lines were maintained in Dulbecco's modification of Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. PF was purchased from Selleckchem (Houston, TX, USA). FLAG-HTRA3 plasmid was purchased from YouBio (Changsha, People's Republic of China) and verified by DNA sequencing. Antibodies against HTRA3, Bax, GAPDH, and β-actin were purchased from Sangon Biotech (Shanghai, People's Republic of China). A PE Annexin V apoptosis detection kit was purchased from BD Biosciences (San Jose, CA, USA; BD Pharmingen™, # 559763), and apoptosis assay was performed following the manufacturer's procedure. The transfection reagent Lipofectamine 3000 was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
clonogenic cell survival assay
Capan-1 and MIAPaCa-2 cells were seeded in six-well plates at 200 cells/well. The indicated concentrations of PF were added the next day, and cells were left for 7 days to form colonies. Colonies were stained with 0.25% crystal violet and 25% methanol in phosphate buffered saline solution for visualization. For Capan-1 cells, which generally form tight and distinct colonies, colonies with $50 cells were counted manually and digitally using the ImageJ software (National Institute of Mental Health, Betheseda, MD, USA) with customized parameters that were optimized on the basis of three preliminary manual counts. However, MIAPaCa-2 cells exhibited a more scattered pattern, which made it hard to determine the colony number. Therefore, their colony area was measured instead using the "colony area" plugin of ImageJ software. 21 The relative colony area was calculated by multiplying the colony area to the colony intensity.
X-ray irradiation
Cells plated on six-well plate were pretreated with PF for 24 h before irradiation. The indicated doses of X-ray radiation were generated by RS2000 irradiator (Rad Source Technologies, Suwanee, GA, USA). After irradiation, cells were recultured for 7 days before clonogenic assay.
cell proliferation assay
Cell proliferation was measured using the PrestoBlue ® Cell Viability Reagent (# A13261; Thermo Fisher Scientific). Cells for each experimental condition were seeded in triplicate in six-well plates at 200 cells/well. The next day, cells were treated with dimethyl sulfoxide (DMSO) or the indicated concentrations of PF. After 7 days, PrestoBlue Cell Viability Reagent was added to each well and incubated for 1 h at 37°C. Then, the fluorescence was measured by a Synergy™ H1 Multi-Mode Reader (BioTek, Winooski, VT, USA). After background subtraction, the cell viability was calculated as the percentage change relative to the control cells. 
Microarray analysis
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Transfection and Western blot analysis
Capan-1 cells seeded in six-well plate were transfected with indicated concentrations of FLAG-HTRA3 plasmid using Lipofectamine 3000 (# L3000008). After 48 h, total proteins were extracted using radio immuno precipitation assay lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 2 mM ethylene diamine tetraacetic acid, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate) in the presence of proteinase inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Equal amounts of proteins (30 μg) were separated by 10% dodecyl sulfate, sodium salt -polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. The chemiluminescent signals were detected and captured by Tanon 5200.
immunohistochemistry
Tissue arrays were obtained from US Biomax (# PA483C; Rockville, MD, USA). The deparaffinization and antigen retrieval were performed according to the manufacturer's instruction. The slides were blocked in 5% goat serum for 20 min before incubating with anti-HTRA3 (# D161337, 1:100 dilution) for 2 h at room temperature. The immunohistochemistry staining procedure was carried out using the GTVision™ III System according to the manufacturer's protocol (# GK500705; GeneTech, Shanghai, People's Republic of China). The slides were counterstained with hematoxylin before observation by light microscopy with LEICA DM4000.
statistical analysis
The statistical significance of differences between groups was determined by the two-tailed t-test. P,0.05 was considered as statistically significant.
Results
PF inhibited colony formation of pancreatic cancer cells
We first determined the effects of PF on pancreatic cancer cell growth by clonogenic cell survival assay. As shown in Figure 1 , PF significantly reduced colony formation in both Capan-1 ( Figure 1A , upper panel) and MIAPaCa-2 cells ( Figure 1A , lower panel) in a dose-dependent manner. Treatment of 500 μM PF alone for 7 days led to ~40 and 80% inhibition in the growth of Capan-1 and MIAPaCa-2 cells, respectively ( Figure 1B ).
In clinical practice of pancreatic cancers, radiation therapy is usually used after surgery as adjuvant treatment, or in conjunction with chemotherapy for unresectable pancreatic cancers.
Therefore, we sought to determine whether PF could radio-sensitize pancreatic cancer cells.
Capan-1 and MIAPaCa-2 cells were subjected to 2-8 Gy X-ray irradiation (IR) before treatment of 500 μM PF or DMSO (vehicle control) (Figure 2A ). We found that PF significantly enhanced the sensitivity of Capan-1 cells to IR, resulting in 60%, 51% and 12% more inhibition upon 2, 4, and 8 Gy IR exposure, respectively, as compared with IR alone ( Figure 2B, left panel) . Consistently, PF dramatically sensitized MIAPaCa-2 cells to IR, leading to a .60-fold decrease in colony formation as compared with IR alone ( Figure 2B , right panel). Together, we showed that PF inhibited the proliferation of pancreatic cancer cells. Furthermore, addition of PF significantly enhanced the cytotoxic effects of IR, suggesting a potential role of PF as a radio-sensitizer in pancreatic cancer.
PF increased cell apoptosis in pancreatic cancer cells
Next, cell proliferation assay was performed to further determine the effects of PF on pancreatic cancer cell growth. PF inhibited cell growth in both pancreatic cancer cell lines. The half maximal (50%) inhibitory concentration (IC 50 ) values for PF in Capan-1 and MIAPaCa-2 were 862.7 and 489.5 μM, respectively ( Figure 3 ). In addition, PF treatment increased the percentage of apoptotic cells in both Capan-1 and MIAPaCa-2 cells, as determined by the 7-AAD/PE Annexin V apoptotic analysis ( Figure 4A ). Additionally, we found increased proapoptotic Bax protein levels when Capan-1 ( Figure 4B ) and MIAPaCa-2 ( Figure 4C ) cells were exposed to PF treatment.
PF treatment induced hTra3 expression in capan-1 cells
Next, we searched for the underlying mechanisms that are responsible for PF-induced suppression of pancreatic cancer cell growth. To obtain a broad molecular understanding of this process, we applied a genome-wide expression profiling approach to systematically analyze cellular transcriptome alterations in Capan-1 cells. Upon 500 μM PF treatment for 48 h, we identified a total of 77 reference genes that showed .1.5-fold change relative to the control group (34 upregulated genes and 43 downregulated genes) (P,0.05; Figure 5A cated that these altered genes were enriched for cell growth/ maintenance, immune response, protein metabolism and so on ( Figure 5B ). Analysis of the altered genes by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database revealed involvement in systemic lupus erythematosus, alcoholism, and viral carcinogenesis signaling pathway ( Figure 5C ). Among the altered genes in response to PF treatment, we found that HTRA3 was the most significantly increased gene ( Figure 5A ). HTRA3 was initially discovered as a pregnancy-related serine protease to be upregulated in mouse uterus coinciding with placentation. 11 Recently, HTRA3 was found to be implicated as a tumor suppressor by inhibiting cell invasion. 20, 23 In lung cancer cell lines, HTRA3 promoted etoposide-and cisplatin-induced cytotoxicities in lung cancer cell lines. 18 Hence, HTRA3 might be a key molecule mediating PF-induced growth inhibition and apoptosis in pancreatic cancer cells. Consistent with our microarray data, we confirmed with qRT-PCR that Capan-1 cells exposed to PF had significantly increased HTRA3 mRNA than control cells (P,0.0001; Figure 6A ). In addition, significantly increased HTRA3 protein levels were observed in response to 500 μM PF treatment as compared with DMSO treatment in Capan-1 cells (P,0.05; Figure 6B and C). However, we did not observe significant HTRA3 RNA or protein change in MIA PaCa-2 cells (Figure S1 ), suggesting that PF inhibits Capan-1 and MIAPaCa-2 through different mechanisms.
hTra3 inhibited capan-1 cell growth
To the best of our knowledge, the effect of HTRA3 in pancreatic cancer has not been explored before. Here, we overexpressed HTRA3 in Capan-1 cells and showed that HTRA3 dose dependently led to significantly reduced cell viability ( Figure 7A) . Consistent with the inhibition of cell growth, increased protein level of Bax was detected upon HTRA3 overexpression ( Figure 7B ). Therefore, HTRA3 could possibly suppress the proliferation of pancreatic cancer cells via inducing the expression of proapoptotic Bax protein.
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hTra3 expression decreased in pancreatic cancer samples
We studied the clinical relevance of HTRA3 in human cancers. Immunohistochemistry staining of HTRA3 was conducted on pancreatic cancer tissue microarrays (Figure 8 ). Expression of HTRA3 was compared in 31 individual pancreas duct adenocarcinomas and eight normal pancreatic tissues (Table S1 ). In normal pancreas tissue, HTRA3 generally displayed strong positive staining in the cytoplasm, whereas in cancer samples, HTRA3 is decreased ( Figure 8A 
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PF suppresses pancreatic cancer cell growth compared with normal tissue ( Figure 8B ). Together, these data suggest that HTRA3 expression is clinically significant in pancreatic cancer.
Discussion
In this study, we showed that PF significantly inhibited cell growth and sensitized cells to irradiation in pancreatic cancer. PF is the principal compound of "Radix Paeoniae Alba" that is commonly included in many traditional prescriptions to treat digestive system diseases for its anti-inflammatory and antipathogenic microorganism effects. [24] [25] [26] PF has been recently shown to reduce cell viability in gastric cancer cells, 5 glioma cells, 3 ovarian cancer cells, and breast cancer cells. 4 During the preparation of this manuscript, Hao et al 27 reported that PF sensitized erlotinib-induced inhibition of cell viability in ErbB3-expressing pancreatic cancer cell lines, which relied on the expression of ErbB3. In their studies, up to 50 μM PF showed no effects on growth, colony formation, or apoptosis in ErbB3-deficient MIAPaCa-2. 27 Here, we also found that PF ,50 μM did not affect the growth of either MIAPaCa-2 or Capan-1 cells. The IC 50 value of PF was 489.5 and 862.7 μM in MIAPaCa-2 and Capan-1 cells, respectively ( Figure 3 ). Such differences may have resulted from the markedly differential proliferation rate of the two cell lines, with a doubling time of 40 h in MIAPaCa-2 and 96 h in Capan-1 cells. 28, 29 For the first time, we have systematically explored the molecular mechanism underlying PF-inhibited pancreatic cancer proliferation through transcriptome analysis upon PF treatment in Capan-1 cells. Among all the altered genes, HTRA3 was most significantly increased ( Figure 5A ). HTRA3 belongs to the HtrA family of stress-related serine proteases. HTRA3 sensitizes lung cancer cells to etoposide and cisplatin, where it may act as a mitochondrial cell death effector, suggesting its role as a tumor suppressor. 18 Our data showed that overexpression of HTRA3 significantly upregulated Bax and suppressed cell viability in Capan-1 ( Figure 7 ) and that decreased HTRA3 was associated with human pancreas carcinogenesis (Figure 8 ), clearly proving that HTRA3 is proapoptotic and tumor suppressing in pancreatic cancer cells.
PF has been recently shown to modulate multiple signaling pathways in different disease models. Gene ontology analysis of our microarray data revealed that genes significantly altered by PF treatment were involved in inflammatory response, cell proliferation, and response to hypoxia.
The effects of PF on these biological processes have been well documented elsewhere. For example, the anti-inflammatory functions of PF were reported in studies on brain, 25 spleen, 30 and kidney. 24 In breast cancer cells, PF was found to prevent hypoxia-induced EMT through suppressing HIFα expression. 10 It is intriguing to explore whether such events may also contribute to PF-inhibited pancreatic cancer cell viability.
Conclusion
Together, we have shown the anticancer effects of PF in pancreatic cancer cell lines. Through a genome-wide transcriptome analysis, we found that PF increased HTRA3 expression, a previously uncharacterized mechanism by which PF suppressed proliferation and enhanced apoptosis in pancreatic cancer cell. Our findings not only revealed the therapeutic potential of PF in pancreatic cancer treatment but also demonstrated a novel proapoptotic role of HTRA3 in pancreatic cancer cells via inducing Bax. 
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